Detection of a charged two-level system by using the Kondo and the Fano-Kondo 

effects in quantum dots 
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The Kondo effect and the Fano-Kondo effect are important phenomena that have been observed in 
quantum dots (QDs). We theoretically investigate the transport properties of a coupled QD system 
in order to study the possibility of detecting a qubit state from the modulation of the conductance 
peak in the Kondo effect and the dip in the Fano-Kondo effect. We show that the peak and dip of 
the conductance are both shifted depending on the energy- level of the qubit. In particular, we find 
that we can estimate the optimal point and tunneling coupling between the |0) and |1) states of the 
qubit by measuring the shift of the positions of the conductance peak and dip, as functions of the 
applied gate voltage on the qubit and the distance between the qubit and the detector. 

PACS numbers: 73.63.Kv, 72.10.Fk, 03.67.Lx, 72.15.Qm 



I. INTRODUCTION 

Nanodevices allow the observation of interesting quan- 
tum interference effects. The Kondo effect and the Fano- 
Kondo effect are observed in coupled systems with a dis- 
crete energy-level and a continuum of states, such as 
when a quantum dot (QD) is tunnel-coupled to leads. 
The Kondo effect in a QD appears as a zero-bias peak 
in the conductance because of the spin singlet formation 
between a localized spin and the reservoirs^, while in the 
Fano-Kondo effect, an asymmetric line shape is observed 
in the density of states (DOS) and the conductance be- 
cause of interferences in the hybrid electron states in the 
dot-electrode system 2 .. In a Kondo system, such as a QD 
connected to two electrodes, the conductance has a sharp 
peak, known as the Kondo peak 3 - - — ; while in Fano-Kondo 
systems, such as T-shaped QDs, the conductance has a 
sharp dip (Fano-Kondo dip) structure 8 - - — , both of these 
as a function of the energy level of the QDs. The peak 
and dip structures appear when the energy-level is close 
to the Fermi level of the reservoirs. 

Here we investigate the Kondo effect and the Fano- 
Kondo effect using them as detectors of a capacitivcly- 
coupled two-level system, a charge qubit^. We use 
Fig. 1(a) as a set-up for the Kondo effect and Fig. 1(b) to 
study the Fano-Kondo effect. Each grey ellipse in Fig. 1 
represents a QD. The source "S" , drain "D" , and QD "d" 
are the "linear-shaped" detector in the Kondo geometry 
shown in Fig. 1(a). The T-shaped detector in Fig. 1(b) 
has a trap site "c" and a proper QD "d" . We define the 
|0) state of the charge qubit when the excess charge is lo- 
calized in the QD "a", and the |1) state when the excess 
charge is localized in the QD "b" 13 i 16 . Using the notation 
in Fig. 1, due to the Coulomb interaction V q between the 
charge qubit and the detectors, the energy level of the 
QD "d" is shifted for the Kondo detector, and that of 



the QD 

The basic idea is the following: the Kondo peak and 
the Fano-Kondo dip will be affected by the charge state 
of the charge qubit because of the capacitive coupling be- 
tween the charge qubit and the detectors. Therefore, it 
is expected that, by analyzing the change of the Kondo 
peak and the Fano-Kondo dip in the conductance, the 
charge qubit state can be inferred. In our model, the 
capacitive coupling is the same as those of the conven- 
tional quantum point contact (QPC) 17 ' 18 , and the single 
electron transistor (SET) 19 : 20 . In the standard QPC or 
SET system, only the position of the excess charge in the 
qubit (|0) or |1)) is detected. What's new here is that, 
by analyzing the peak position of the conductance peak 
and dip, we can also estimate the tunneling coupling £1 
between the |0) and |1) states of the charge qubit . 

We will also show that the shifts of the conductance 
peak and dip arc largest when the energy gap between the 
two qubit eigenstates is smallest. At this point, we will 
show that the Fano factor is smallest and we call this 
point the optimal point where in general charge-noise- 
induced dephasing is minimize d 18 ' 21 ! 22 . 

It is well-known that there are many two-level systems 
in various material a 23 ' 24 and our method should be able 
to detect those two-level systems or, in general, any sys- 
tems that have two charged states. In addition, two- 
level systems based on QDs are also widely used in spin 
qubit a 25 ' 26 . Thus, this method has a wide variety of po- 
tential applications for nanosystems. 

For simplicity, and without loss of generality, we as- 
sume that all QDs have a single energy level and that 
there is a strong on-site Coulomb interaction in the QD 
"d" of the Kondo detector, and the QD "c" of the Fano- 
Kondo detector, but not for the QD "d" of the Fano- 
Kondo detector. If there is a strong on-site Coulomb in- 
teraction in the QD "d" of the Fano-Kondo detector, the 
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FIG. 1: Two types of charge qubit (two-level system) de- 
tectors, (a) The charge qubit detected by the Kondo effect, 
(b) The charge qubit detected by the Fano-Kondo effect. Note 
that the charge qubit "a-6" is composed of two QDs ( "a" and 
"&"). The tunneling coupling between QD "a" and "6" is Q. 
The charge qubit is coupled to the detector part by the capac- 
itive coupling energy V q . The detecting QDs "d" are coupled 
to the source "S" and the drain "D". The linear-shaped "S- 
d-"D" detector for the Kondo system in (a) is replaced by a 
T-shaped detector for the Fano-Kondo system in (b). In (b), 
the on-site Coulomb repulsion for the trap QD "c" is strong. 
For the QD "d", the on-site Coulomb repulsion is strong for 
the Kondo detector in (a) and weak for (b). 



Fano resonance becomes complicated^!. We use a slave- 
boson mean-field theory (SBMFT)&2I-^2, with the help 
of nonequilibrium Keldysh Green functions to calculate 
the conductance of the detectors. Moreover, we assume 
that the interactions between the qubit and the detec- 
tors are weak and can be decoupled into the mean-field 
parameters of the SBMFT. 

The rest of the paper is organized as follows. In sec- 
tion II, wc formulate the slave-boson mean-field method 
to calculate the conductance of the Kondo and the Fano- 
Kondo detectors. In section III, we show numerical re- 
sults regarding the shifts of the conductance peak and 
dip. In section IV, we use a perturbation theory to es- 
timate the validity of the decoupling approximation be- 
tween the qubit and the detectors. Sections V and VI 
present discussions and a conclusion. In the Appendix, 
we summarize the derivation of the coupling constant V q 
from a network capacitance model. 



II. FORMULATION 



A. Hamiltonian 

As shown in Fig. 1, we study the detection of the state 
of a charge qubit via either the Kondo or Fano-Kondo 
effects in the detector. The total qubit-detector Hamil- 
tonian has three terms H = H c \ ct + H„ + H- mt , where H^ct 



describes the detector, H q the charge qubit, and H lnt the 
interaction between the charge qubit and the detector. 
Here H a is written as 



H q = 0(44 + d\d a ) + e q {d\d a - d\d b ). 



(1) 



d a and db are electron annihilation operators of the upper 
QD "a" and the lower QD "6" in the charge qubit, respec- 
tively Experimentally, e q can be controlled by the gate 
electrode attached to the QD "a" (not shown in Fig. 1). 
Thus, we call e q qubit bias. The detector Hamiltonian 
iJcjet is composed of an electrode part i?sD and a QD part 
-Hqd- Because wc assume that there are strong on-site 
Coulomb interactions in the QD "c?" of the Kondo detec- 
tor and the QD "c" of the Fano-Kondo detector making 
double occupation of these dots impossible, we introduce 
a slave boson operator bd for the Kondo detector and a 
slave boson operator b c for the Fano-Kondo detecto r 27 ' 29 . 
The Kondo (K) detector Hamiltonian is 



H. 



(K) 



H, 



(K) 



'dot — -^SD T "q D ; 

and the Fano-Kondo (F) detector Hamiltonian is 



Ff( p ) - FT _i_ o-(F) 



(2) 



(3) 



where 



so 



a=L,Rk a 



H. 



(K) 
QD 



(5) 



Qi-c,d s 



(0) 



Here Ek a is the energy level for the source (a = L) and 
drain (a = R) electrodes; e c and Ed are energy levels for 
the two QDs, respectively; td and V a are the tunneling 
coupling strengths between the trap QD "c" and the de- 
tecting QD "g?" , and that between QD "d" and the elec- 
trodes, respectively; Ck aS and f aiS are annihilation opera- 
tors of the electrodes, and of the QDs (ai = c, d), respec- 
tively; s is the spin degree of freedom with spin degener- 
acy 2; A Ql is a Lagrange multiplier. In the mean field the- 
ory, slave boson operators are treated as classical values 
such as b ai — >• (b ai ). We take (b ai ) and e ai = e ai + X ai 
as mean-field parameters that are obtained numerically 
by solving self-consistent equations. The Kondo tem- 



perature is estimated as T K 
Kondo detector^ 9 -, and 



(K) 



e~d 2 



"f 2 Zc for the 



e c 2 



t 2 d z\ for the Fano- 
Kondo detector—, where z ai = (b^^^a^. In the numer- 
ical calculations shown below, we take a temperature of 
T 



0.02t d < T^ K) ,t£ f) 



K 



3 



The interaction Hamiltonian _ffi nt is derived from a ca- 
pacitance network model as shown in the Appendi x 30 ' 31 



int 



V q a z n ai , (ai = c, d) 



(7) 



where n c and n d are the numbers of electrons in the 
trap QD "c", given by n c = J2s fLfcs for the Fano- 
Kondo case, and in the detecting QD "d" is given by 
n d = J2 S fdsfds for the Kondo case. Also, a z is given by 
a z = d\d a — d\db- As shown by Eq. (|A11[) in the Ap- 
pendix, V q oc 1/do where do is the distance between the 
charge qubit and the detecting QD. 

We assume that the interaction between the charge 
qubit and the detector is weak and the decoupling ap- 
proximation 3 ^ to the interaction Hamiltonian Eq. ([7]) can 
be applied. In the decoupling approximation used here, 
the electric field which the qubit senses is almost con- 
stant and we can thus decouple the interaction between 
the qubit and the detector. The decoupling of the inter- 
action term H mt leads to 

H%* = V q {{v*)n ai +a*(n ai ) (a z )(n ai )} 



= V 



[{Xqa -Xqb)n ai +[(T Z - (x q a - Xqb)} ^ Xctl s } (8) 



where at = c,d, \qs = (dtd s ), and Xa lS = (fl lS fa lS ), 
with ol\ = c,d. In this decoupling approximation, e c , s d , 
and e q are replaced by 

Eai -> = £«i + A ai +V g [Xqa ~ Xqb], (9) 

£q -»• 4 = E q + V q J2x aiS - (10) 



B. Green functions 

Charge qubit detection in our system is carried out 
by the measurement of the current of the detector. The 
current through each detector is calculated using the non- 
equilibrium Green functions 

J = Tll^L^Lsfds) - V L {flc kLs )\ 



k L ,s 



2e 



f $>e [V£G< k (t,t)] 



k L ,s 



— Re x 

n 

kh-s 



, du [V£G^ k (cj)} , 



(11) 



where G< k (t,t) = (c< kLs (t)f ds (t)), and 



G< («) = V L [g r kL {u)G<M + 9^)G a Ml (12) 

with g kL (uj) = (uj — E k L + id)^ 1 (S is an infinitesi- 
mal quantity) and g kL (oj) = 2ttS(uj — £kL)fh(u). Here 
f L (u) = {cxp[(uj + eV hias - E F )/(k B T)} '+ l}" 1 and 
f R (u) ee {cxp[(u; - E F )/(k B T)} + l}" 1 are the Fermi 
distribution functions of the electrodes when there is a 



finite bias voltage Vt,i as between the two electrodes (k R 
is the Boltzmann constant). 

Let us first consider the Green function formulation for 
the Fano-Kondo system. With the decoupling given in 
Eq. ©, the Green functions remain the same as those 
without interactions between the charge qubit and the 
detector, by changing the replacements Eq. (fit))). Us- 
ing the equation of motion method, the advanced Green 
function G a for the detecting QD "d" of the Fano-Kondo 
detector is obtained as 



G 



(F)a 
dd 



(uj -e d - ij)(u) - e' c - i8) - ltd] 2 



(13) 



where t d = t d (b c ). The G^ K (<) ee -i(f d (t)f d (t)) can 
then be calculated from G^ d = G dd Y,^ d G dd with 

£< (w) = i\T L f L (u) + r R f R (uj)}, (14) 

where r Q ee 2irp a (Ep)\V a \ 2 is the tunneling rate between 
the a electrode (a = L,R) and the detecting QD "d", 
with a density of states (DOS) p a (Ep) for each electrode 
at the Fermi energy Ep. Thus 



G 



(F)< 
dd 



Goo 



(15) 



where 

X (u)=T L f L (u)+T R f R (u), (16) 
Goo = [(w - e' c )(u> - e d ) - \t d \ 2 ] 2 + 7 > - <f(^) 

Similarly, we find 



G 



(F)< 
cd 



(W) 



ix(u)(u - e' c ) 
Goo 



G 



00 



(18) 
(19) 



with 7 = (T L +T R )/2. We also define T = 2T L T R /(r L + 
T R ). For simplicity, we assume Tl — T R . 

For the Kondo linear detector shown in Fig. 1(a), the 
Green functions are similarly obtained by using the equa- 
tion of motion method 



G 



(K)< 



izdX(v) 



dd 



( W -o 2 +7 2 *r 



G 



(K)a _ 
dd — 



1 



UJ - £ d- l l Z d 

The charge qubit Green functions are expressed as 

1.1 J- e> 

G aa {u) 



Gbb(u) = 



(u - A)(lu + A) ' 



(uj - A)(uj + A) ' 



G ab (u>) = G ba (u>) 



n 



uj 2 -E f q 2 -n' 



(20) 
(21) 

(22) 
(23) 
(24) 



I 



where A = J e' 2 + Q 2 . 

Thus, the current for the Fano-Kondo detector can be 
expressed as 

e f du) z 2 d T L T R (u) - e' c ) 2 

J =T " ^ — /lM - , (25) 

h J ir C-oo 

and the current for the Kondo detector is given by 



J 



e f dw z d T L T R 



hj n (u}-e' d ) 2 +-/ 2 zj 



[f L (u)-f R (uj)}. (26) 



In Sec. Ill, we show numerical results of conductance 
G = dJ /dV\Aa S at Vbias = 0, and discuss the transport 
properties of the two detector. 
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C. Self-consistent equations 

The detector current is calculated self-consistently: 
while the qubit state influences the detector QD en- 
ergy level and thus the current through it, the qubit 
state itself is also affected by the detector QD occupa- 
tion through capacitive coupling, as described by Eq. (|8|) . 
Here we derive the self-consistent equations. The DOS 
of qubits are derived from the qubit Green function 
pi = — ^lmGu(u) + iS) (I = a,b). Then, the average 
electron occupancy \qi of the two QDs of the qubit is 
expressed by 



Xql 



J D duf{u) Pl {u) = 1 fl-^fitanh^) , (27) 



where p a = 1, pb = — 1, and f(ui) = {oxp[(w — 
E F )/{k B T)] + l}- 1 . Using Eq. (TO), we have the self- 
consistent equations for the Fano-Kondo case: 



e' c = e c + A c - 

v q [i 



e 



q "1 ~ 

dw (ui 



V q — tanh— , 



1 2 



7T 



Oqo oz c 



0. 



du; z e |t rf | s 
7T Cnn 



X(w) + z c - 1 = 0, 



(28) 
(29) 

(30) 
(31) 



where z c = \{b c )\ 2 and P' 1 = k B T. From Eq. (|29)l, we 
can see that the energy shift e' q — £ g of the charge qubit 
is related to the electron occupancy 1 — z c = 1 — |(& c )| 2 
of the trap site "c" , and its magnitude is proportional to 
the coupling strength V q . In particular, the qubit energy 
shifts as a function of V q due to back-action. 

For the Kondo detector interacting with the charge 
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FIG. 2: (Color online) Density of states (DOS) of the detect- 
ing QD "d" for (a) the Kondo detector and (b) the Fano- 
Kondo detector, using Sl/td = 0.5, V q /td — 0.5, £ 9 /td = 2, 
and T/t d = 0.02. 



qubit, the self-consistent equations are 



, £ 'q /3A 

£ d = £ d + A d - Vg-^-tanh— , 



q — c 3 

duj 



V q [l-z d ], 



(32) 
(33) 



2 xM + A d + ^=0, (34) 



7r (w — e^) 2 + 7 2 z 2 



+ 2i - 1 = 0. (35) 
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III. NUMERICAL RESULTS 

Here we show numerical results focusing on the shift of 
the conductance peak in the Kondo effect and the shift of 
the conductance dip of the Fano-Kondo effect. Although 
td appears only in the Fano-Kondo detector, we measure 
all energies in units of td, to better compare the Kondo 
detector with the Fano-Kondo detector. For the Fano- 
Kondo detector, when r > t,;, the electron tunneling 
between the QD "c" and the QD "d" cannot be easily 
observed because the current flow to and from the two 
electrodes is too fast, so that it drowns out the effects of 
the electron tunneling between QDs "c" an "d" . Thus, 
as shown in Ref. H3, we use the QD-electrode tunneling 
rate T to characterize the detection speed. Specifically, 
we denote the case of T /td = 2 as a fast detector, and 
T/td — 0.04 as a slow detector 

A. Conductance 

Figure [2] shows numerical results of the DOS of the de- 
tecting QDs u d". The DOS p d etM of the detector QD 



is derived from pdct(^) = -ImG^^J/jr. For the Kondo 
case in (a) there is a single peak, and for the Fano-Kondo 
case in (b) we can see the Fano asymmetric line shape. 
Figure [3] shows the conductance of the Kondo detector 
[(a) and (c)] and the Fano-Kondo detector [(b) and (d)], 
as a function of the detector QD energy levels Ed of the 
Kondo detector [(a) and (c)] and e c the Fano-Kondo de- 
tector [(b) and (d)], respectively. We can see clear peaks 
for the Kondo detector [(a) and (c)], and clear dips for 
the Fano-Kondo detector [(b) and (d)]. These peaks and 
dips are maximized when the coherence between the dis- 
crete energy state and the continuum states is largest, 
we thus denote corresponding energies e^ peak ^ and ei dlp ^ 
as coherent extrema. For the Kondo detector, because 
of Eq. (|2"Tj) . as the detector speed T increases, the width 
of the peak also increases. However, for the Fano-Kondo 
detector, because of Eq. (flUf . as the detector speed in- 
creases, the width of the dip decreases. For both detec- 
tors, the shifts of the conductance peaks and dips are 
observed, when e q is changed. Below we investigate the 

shift of the coherent extrema s d pcak ^ and ei dlp ^ in more 
detail. 



Figure 0] plots the coherent extrema £^ peak ) and ei dlp ^ , 
as a function of the qubit bias e q [Eq. (JTJ]. As the qubit 
bias e q increases, the distribution of the excess charge 
in the qubit approaches to the detector QDs, resulting 
in raising the energy of QD "ef ' of the Kondo detector 
and that of QD "c" of the Fano-Kondo detector. Finally, 
the increase of the QD energies are saturated because of 
the balance of the charge distribution. Figure 2] reflects 
this fact and shows that e| ; pcak - ) and £c dlp ' ) increase as e q 
increase. 

Because z ai = {a\ = c, d) is satisfied at the coherent 
extrema, we have the relation e' q = e q + V q from Eq. (|29|) 
and Eq. (j3"3"j) . Then, it can be observed that the peaks 
of ej, pcak ) and ei dlp ^ exist around the e' ~ region in 



Fig. [4] At e' q ~ 0, the energy splitting w £1 2 + e' q between 

the two eigenenergies of the qubit is smallest, and the 
qubit energy splitting is a quadratic function of the qubit 
bias. Thus, qubit state is insensitive to charge noises that 
lead to qubit dephasing, and this zero bias point corre- 
sponds to an optimal point, in analogy to other similar 



-.18.21.22 



The third terms of Eq. 



and Eq. (|32p increase 



^pcak) e^, dlp ) when e' q < and decreases them when 
e' q > [fi A 3> 1), resulting in the peak structure of 
Fig. 0] at the optimal point e' q = 0. In addition, because 
the third terms of Eq. (|2"5)l and Eq. ([52"]) become larger as 
becomes smaller, Fig. Q] (a,b) are considered to show 



clearer peak structures than Fig.[H(c,d). We can also ob- 
serve that the magnitude of the peak is proportional to 
the coupling strength V q . This is also the reason that the 
peaks in Fig. |4] are caused by the third terms of Eq. (|28|) 
and Eq. (|3"2"]). From Eq. (J2SJ and Eq. (|3"2"]). at the optimal 
point (e' q = 0, thus, A = Q) of the coherent extrema, we 
obtain 



d£ai ^ d\ a i v q 



dSn 



de„ 



Yi 
n 



(36) 



{a\ = c,d). The peaks of Fig. U] correspond to 
de ai /de q = and Eq. (f36|) shows that the change of 
energy levels d\ ai /de q equals V q /Vt at the largest values 
of the coherent extrema. 



As mentioned above, the e 



(peak) 



and £ 



(dip) 



increase 

when e q increases, and they are finally saturated af- 
ter they have their peaks regarding the optimal points. 
Thus, their derivatives, ds d peai ^ /de q and dei dlp ^ /de q , are 
considered to have their maximum values around the 
middle points between the peaks of the optimal points 
and the small e q region. Figure [5] plots the maximum 

values of de d peak ^ jde q and de^ lp ^ /de q as a function of 
the qubit-detector coupling V q . It can be seen that: (i) 



the maximum values of de d pczk ^ / de q and de { c ulp> /de q do 
not depend on the speed T of the detectors, and (ii) there 
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FIG. 3: (Color online) Numerical results for the conductance G (in units of e/h) for detectors as a function of the QD energies 
(ed for the detecting QD "d" of the Kondo detector, and e c for the charge trap "c" of the Fano-Kondo detector) for Sl/td = 1, 
V q /td = 0.5 and temperature T/td = 0.02. (a) Fast Kondo detector :T/td = 2. (b) Fast Fano-Kondo detector :T /td = 2. (c) 
Slow Kondo detector :T/td = 0.4. (d) Slow Fano-Kondo detector :T/td = 0.4. The peak positions for the Kondo detector and 
the dip positions for the Fano-Kondo effect are shifted by the qubit bias e q . 



is a relationship between the peaks and V q /fl such as 



, (peak) y 

Max^4 oc Vq 



de a 



Max 



ds 



(dip) 



de a 



O 

Yi 



(37) 
(38) 



when Vi/td > 1. These weak dependences of the maxi- 
mum values on the speed T of the detectors are consid- 
ered to be because of the sharp response of the Kondo 
and Fano-Kondo effects at their coherent extrema. Be- 
cause all quantities arc numerically derived from the self- 
consistent equations, Eq. (|37p and Eq. (|38|l cannot be 
derived analytically, and these results are obtained nu- 
merically. In principle, V q can be calculated from the 
structure of the system by using the capacitance network 
model, as shown in the Appendix. Thus, in experiments, 
if we can prepare several samples with the different dis- 
tances between the detector and the qubit, we can esti- 



mate the tunneling coupling for the charge qubit by 
using the relations Eq. ([3"T]) and Eq. 

Therefore, Fig. [4] and [5] indicate that by finding the 
maximum of £^ pcak ) and si dlp \ we can find the optimal 
point (e' = 0) of the qubit, and by analyzing the coef- 



ficients of de d peak ' /de q and de^ lp> /de q as a function of 
V q , we can infer the tunneling coupling £1 for the charge 
qubit. 



(dip) 



B. Back-action 

As we have seen, both the Kondo detector and the 
Fano-Kondo detector have similar capabilities to detect 
the tunneling £1 and the qubit bias e' q . Here we consider 
the effect of measurement (back-action on the qubit) 
and the noise characteristics of the two types of detec- 
tors. Figure [DJa,b) show how e' q is affected by the de- 
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FIG. 4: (Color online) The coherent extrema e^ peak ^ (conductance peak) and e' dlp ' (conductance dip), as a function of the 
qubit bias e q . The conductance peak of the Kondo detector for the Q/td = 0.5 qubit (a), and the fl/td = 1 qubit (c). The 
conductance dip of the Fano-Kondo detector for the Q/td = 0.5 qubit (b), and the 0,/td = 1 qubit (d). The £^ peak ) and ei dlp ' 
are largest around the optimal point e' q — e q + V q ~ 0. 
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FIG. 6: (Color online) The qubit bias e' q of (a) the Kondo detector for F/td = 0.4 and (b) the Fano-Kondo detector for 
V ltd — 2. Fano Factor F of (c) the Kondo detector for Y/td = 0.4 and (d) that of the Fano-Kondo detector for Y/td = 2. Here, 
fl/td = 0.5, Vq/td = 0.5, at zero temperature. 



tectors. The change of qubit energies clearly depends on 
the coherent extrema of the Kondo peak and the Fano- 
Kondo dip. Although figures are not shown, the changes 
of e' q for Y/td = 2 of the Kondo detector and that for 
Y/td = 0.4 of the Fano-Kondo detector arc larger than 
those in Fig. [12a,b) , respectively. Thus the slow Kondo 
detector and the fast Fano-Kondo detector are better 
from the viewpoint of back-action. 

The ratio of the shot noise Si and the full Poisson noise 
2el, F = Si/(2el), is called the Fano factor. It indicates 
important noise properties with regard to the quantum 
correlations^. Smaller F is better because smaller F 
means less noise of the detection. Similarly to the re- 
sult of Ref. HH, the Fano factor F at zero bias and zero 
temperature is given by 1 — T(Ep), where T{Ep) is a 
transmission probability expressed by 

T(uj) = 2 ^ np det (u>). (39) 
I 



(pdet(w) is the DOS of the detector QD, as mentioned 
above). This means that the larger T(w) is better from 
the viewpoint of the noise reduction. As can be inferred 
from Fig.[3la,c), forT/^ = 2 of the Kondo detector 
is larger than that of Y/td = 0.4 of the Kondo detector. 
This means that, in the case of the Kondo detector, F for 
Y/td = 2 is smaller than that for Y/t d = 0.4 (Fig. [Bfc)). 
Similarly, in the Fano-Kondo detector, F for Y/t d = 0.4 is 
smaller that that for Y/t d = 2 (Fig.^d)). Thus, the fast 
Kondo detector and the slow Fano-Kondo detector are 
better from viewpoint of the noise reduction. Therefore, 
the magnitude of the back-action and the efficiency of 
the detector have a tradeoff relationship. 



IV. PERTURBATION THEORY as stated in Eq. flSJ). Here we investigate the validity of 

A crucial assumption that allows our calculations men- 
tioned above to proceed is the decoupling approximation 
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this approximation by using a simple model in which the 
charge qubit is capacitively coupled to a QD connected 
to a Fermi sea. The perturbation Hamiltonian is 



Hi = Hi n t - H^f = V q ^a z n ai - (x qa - Xqb)n ai 

~ (^2x ai s^j<Jz + (Xqa - Xqb)^2x ai s^i (40) 

where a± — c,d. Because the qubit Hamiltonian Eq. (1) 
includes a x and er z , H\ can flip the qubit state between 
|0) and |1). We apply the golden rule and calculate the 
transition probability starting from the initial qubit state 
|0). The transition probability P(A) is given by 

1 f°° 

fl , J _ oo 

= ik dtJ2pi(iMt)n ai (0)\i)e iAt , (41) 

A J — oo • 

where i labels the eigenstates of the environment (elec- 
trodes), and pi = exp (— (3si/Zo), with an equilibrium 
environment partition function Zq. At zero temperature, 
we can decouple (i\n ai (t)n ai (0)\i) into (/^ (t)f ai (0)) 
and (f ai (t)fX i (0)) using the Bloch-De Dominicis theo- 
rem^i. For the Fano-Kondo case, 



{mum = u 



du x(u) ( 
27T Coo 
du v{lo) 
2tt Coo 



(42) 
(43) 



where v(w) = J2 a =L i?r Q [l — fa(w)]- Defining the life- 
time of the mean-field approximation by 1/r = -P(A), as 
discussed in Ref. HH, we obtain, for A 7 



16 r 2 V q 2 A 

L d z c 



and for A»7 



1 

T 



4r 2 V 2 ti z 2 
(o+ -a_) A 5 ° § 



where 



a ± ^-[-Y+t d -z c ±J 1 2 ( 1 2 -2t 2 l 



For the Kondo case, we obtain for A <C 7 



V A 

q 

1 4 



and for A ^> 7 



A 3 



log ( — 

-fz d 



(44) 



(45) 



(46) 



(47) 



(48) 



We estimate this lifetime for the case of A <C 7 by 
referring to the experimental values in Ref. [I2T The 
intrinsic measurement time t m can be estimated from 
t m re h/T. When using t d = 0.5 meV, r = 7 = 0.2 meV, 
V q = 0.01 meV, and A = 0.01 meV, we obtain r ~ 64 ns 
for the Fano-Kondo case, and we obtain r ~ 26 ns for 
the Kondo case. Then, t m re h/T ~ 0.0033 ps and 
tm <C t is held. Thus, in this region, the decoupling 
approximation is valid. The fast detector has longer life- 
time for the Kondo case. When using t& = 0.5 meV, 
r = 7 = 1 meV, Vq = 0.01 meV, and A = 0.01 meV, we 
obtain t ~ 0.65 fj,s for the Kondo detector. 



V. DISCUSSIONS 

We have shown that by measuring the shifts of the 
Kondo resonance peak and the Fano-Kondo dip in the 
conductance, we can estimate the optimal point and the 
tunneling strength between two states of a charge 
qubit. In general, it is believed that charged two- level 
systems are susceptible to phonons. In Ref. [l6|, the re- 
sult of the spin-boson model showed that the degradation 
of the coherence by phonons is smaller than expected. 
Ref. [H also argued that the effect of phonons is not so 
large. In addition, because we use the coherent extrema, 
the effect of phonons is expected to be smaller than other 
energy scales. 



VI. CONCLUSION 

We have studied the Kondo and the Fano-Kondo ef- 
fects in QD system from viewpoint of the detectors of 
a capacitively coupled charge qubit. We have used the 
slave-boson mean field theory and the decoupling approx- 
imation to describe the quantum interference of the sys- 
tem. In particular, we have investigated the modulation 
of the conductance peak and dip by the charge qubit. 
We found that, by measuring the shifts of the positions 
of the conductance peak and dip as a function of the ap- 
plied gate voltage on the charge qubit (qubit bias), we 
can estimate the optimal point. In addition, we showed 
that, by analyzing the derivatives of the shifts of the peak 
and dip as the function of the qubit bias, we can infer 
the tunneling strength between the states |0) and |1) of 
the charge qubit. These characteristics are the results of 
the resonant behavior of the Kondo and the Fano-Kondo 
effects, and a new aspect of the application of these im- 
portant quantum interference effects. 
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Appendix A: Qubit-detector interaction 



When the detector is distant from the qubit, we can ap- 
proximate Ce — and Cc — Ca, and then we obtain 



V « " Ct(2C b D +C a ) K h (AU) 



Here we derive the formula of the capacitive interac- 
tion Eq. between a charge qubit and a detector QD, 
applying the capacitance network model to the system 
shown in Fig. [7] When charges stored in each capaci- 
tance are expressed as in Fig. [71 the charging energy of 
this system is expressed b y 30 ' 31 



U 



2 

Id 



1% 



2C a 2Cb 2Cc 2Cd 2Ce 2Ct 
qAVc + qTV suh + qcV suh . (Al) 



The numbers of electrons in the two QDs of the qubit 
and the detector QD site are described by the operators 
N a , N/3 and fid, respectively, such as 



N a = (-Qa + Qb + Qe) / e, 
A/3 = (~qB + qc + QD)/e, 
fid = (~qE + qD + qr)/e. 



(A2) 
(A3) 
(A4) 



The charge distribution is determined by minimizing this 
charging energy. When we define a z = N a — Np under 
the condition N a + Na = 1, as in Ref. [ID , we have 



U = 



Ct 
4D 



{(9,3 - e a )a z . + 2(C a Cp - Cl){h d - n d0 ) 2 
+2(C P + C m a z )(hd - rido)} + const. , (A5) 



where C a = C A + C B + C E , Cp = C B + C c + C D , 
C t = C' D + C E + C T , and n d o = C w V suh with 



C 2 r 



©a = C a Ct — C E , 6/3 — CpCt — Lyjj, 

D z ee Q a Qp-{C D C E + C B C t )\ 

C p EE — (C a + Cp)Co — 2C^Ce 

C m = CaCn — C^Ce + Cb(Ce — Cd)- 



(A6) 
(A7) 
(A8) 
(A9) 



Thus, we can obtain the coupling V q between the 
charge qubit and the detector as 



Va 



CtC'r, 

~2Dl 



(A10) 



When we can simply approximate the capacitance Co 
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FIG. 7: Charge qubit (right side) made of two coupled QDs 
with tunneling strength Q, and gate electrode Vg- A detecting 
QD is in the left side and consists of a one-energy level state 
with tunneling coupling F to reservoir (substrate). 



area of the QD, and do is the distance between the qubit 
and the detector QD), we can see that the coupling con- 
stant is proportional to the inverse of the distance be- 
tween the qubit and the detector QD, similar to pure 
Coulomb interaction. 
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